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The present study contributes to the current debate about electrophysiological measurements of mental
workload. Speciﬁcally, the allocation of attentional resources during different complexity levels of tasks
and its changes over time are of great interest. Therefore, we investigated mental workload using tasks
varying in difﬁculty during an auditory oddball target paradigm. For data analysis, we applied a novel
method to compute event-related potentials (ERPs) by intra-block epoch averaging of P2, P3a and P3b
amplitude components for the infrequent target stimuli. We obtained eight consecutive blocks of
5 epochs each, which allowed us to develop an electrophysiological parameter to measure mental
workload. In both the easy and the more constraining tasks, the amplitude of P2 decreased beginning
with the second block of the sequence. In contrast, the amplitudes of P3a and P3b components linearly
decreased following the repetition of the target in the more constraining task, but not in the easy task.
Statistical analysis revealed intra-block differences on amplitudes of ERPs of interest between the easy
and the more constraining tasks, conﬁrming this method as a measure to assess mental workload. Since a
subject is his own control, the present method represents an electrophysiological parameter for in-
dividual measurement of mental workload and may therefore be applicable in clinical routine.
1. Introduction
Human mental workload is referred to as the time-limited
working memory processing load. The required processes are the
capacity to store information in short-term registers and si-
multaneously manipulate it ‘on-line’. Functionally, mental work-
load is inversely related to the attentional reserve under the
control of efﬁcient allocation of neuronal resources, whose de-
pletion results in performance decrement (Wickens et al., 1983).
The efﬁcient allocation of attentional resources over time is crucial
when individuals perform mentally-demanding tasks. Thus, it is of
major interest to assess if the time-dependent modulation of
workload-related functional indices is likely to highlight the
manner by which neuronal resources are allocated during the
performance of a task (Korsnes et al., 2008; Miller et al., 2011;
Vingerhoets and Luppens, 2001).
Neurophysiological assessment of cognitive workload is per-
formed using event-related potentials (ERPs), where the typical
protocols of cognitive workload combine an oddball procedure
while subjects perform a task with incrementally-varying difﬁ-
culty (e.g. Donchin et al., 1986; Sirevaag et al., 1993). The auditory
oddball task consists of detecting an infrequent deviant stimulus
(i.e. target) amongst a series of frequent stimuli (i.e. standards).
This procedure is suited to explore information processing ranging
from stimulus detection to cognitive operations, including atten-
tional and memory processing. The oddball processing elicits the
P3 ERP component that has been suggested to indicate brain ac-
tivities underlying revision of the mental representation induced
by incoming stimuli (Donchin, 1981; Sutton et al., 1965). According
to the context-updating hypothesis, a memory process is engaged
in the oddball task after initial sensory processing, thereby eval-
uating whether the current stimulus is either the same as the
previous one, or different. If the incoming stimulus is a deviant
stimulus (i.e. target), attentional processes engage a change of the
stimulus representation (Polich, 2007). This updating of the model
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of the environment is concomitant with the P3 component that is
preceded by sensory-evoked potentials (N1, P2, N2) (Donchin and
Coles, 1988; Polich, 2007). However, early accounts of P3 revealed
that this component originated from two functionally and topo-
graphically distinct components, P3a and P3b (Polich, 2007). It is
now well established for cognitive P3 activity (for review, Polich,
2007) that an infrequent event distracts the subject and reorients
attention by capturing attentional resources (P3a). Reﬂecting the
attention directed to the stimulus (Chong et al., 2008; Daffner
et al., 1998), the infrequent event facilitates subsequent memory
processing updating or categorizing of an event (tagged by P3b) by
engagement of appropriate resources. In this theoretical context, it
clearly appears that the components of P3 represent a more reli-
able physiological index to study cognitive workload than the P3
component alone.
Globally, studies on mental workload have reported that both
P3 amplitude and latency are inversely related to task difﬁculty
(Allison and Polich, 2008; Miller et al., 2011; Ullsperger et al.,
2001). This inverse relationship can be interpreted as a reﬂection
of the amount of variation of attentional resources engaged.
Likewise, using adapted workload paradigms, several studies (Al-
lison and Polich, 2008; Lean et al., 2011; Tong et al., 2009) revealed
that the amplitude of other ERP components was also inversely
related to task difﬁculty. Among them, the exogenous P2 compo-
nent is frequently cited. From a cognitive point of view, the P2
component could reﬂect pre-attentive alert mechanisms con-
tributing to improve the perception of the stimuli. In this context,
a reduction of P2 could diminish the stimulus information avail-
able to the later processes indexed by P3, thereby leading to a
further reduction in amplitude of this component (Miller et al.,
2011). Together, this supports the idea that attentional-dependent
ERP components such as P2, P3a and P3b (Campanella et al., 2002;
Goodin et al., 1978; Hansenne, 2000a, 2000b; Johnson, 1986) have
a reliable sensitivity to workload changes (Miller et al., 2011).
The present study extends earlier efforts aimed at evaluating
how mental workload affects the ERPs elicited by infrequent au-
ditory target stimuli. We used the classical oddball paradigm
which is comprised of tasks of varying difﬁculty requiring up-
grading of cognitive resources, and is therefore particularly suited
to study varying levels of attention allocation. The ERP compo-
nents P2, P3a and P3b, elicited by the infrequent target tones are
affected by attentional allocation and are probably interrelated.
We therefore considered that it is crucial to determine whether
the amplitude of the P3 components, not just the P3, declined
according to the variation of attentional resources related to re-
petition-dependent stimuli. Moreover, we questioned the inﬂu-
ence of early cognitive processing, as indexed by P2, on the am-
plitude of latter P3 components suspected to be more sensible to
the variation of attentional resources.
The aims of the present study were thus to investigate:
(a) whether ERP amplitudes displayed an intra-blocks decline in
response to the repetition of the stimuli; (b) fromwhich block this
decline occurred; (c) how the decline of amplitude of these three
components can be modulated by workload difﬁculty; and
(d) whether mental workload-related changes in amplitude in the
earlier P2 ERP component may modulate later P3 components
response. Moreover, in order to exclude an effect of brain fatigue
or habituation on the task difﬁculty, a control task was included.
Methodologically, a block-epochs averaging of P2, P3a and P3b
amplitudes for infrequent target stimuli that consists of eight
consecutive blocks of 5 epochs each was performed. This block-
epochs approach allows studying the relationships which can exist
between P2, P3a and P3b ERP components in a demanding
workload environment. Previous investigations using oddball
paradigms (Borchard et al., 2015; Lasaponara et al., 2015; Mac-
Donald et al., 2015) reported that P2 and P3 components may be
observed and measured on the vertex. The components of interest
were also distinguished over the vertex in our study. Therefore, we
decided to measure ERPs over central electrode locations only.
Additional source reconstruction was performed to ensure the
distinct neuronal origin of both P3 components.
When successfully achieved, this averaging technique may
provide a valuable method for an easy individual measurement of
mental workload.
2. Materials and methods
2.1. Participants
Sixteen healthy, right-handed volunteers (9 women, 7 men; mean age: 27.5
(74.3 SD) years; age range: 22–35) participated in the study. All participants
showed a normal cognitive functioning when tested with the extensive neu-
ropsychological CogState Battery (see www.cogstate.com for details) including
(Table 1): the Groton Maze Learning Test and Set-Shifting Task for executive
functions; Detection Task for psychomotor function; Identiﬁcation Task for visual
attention; Groton Maze Learning Test delayed recall for visual learning and mem-
ory; International Shopping List Task and Delayed Recall for verbal memory; One
Back Task for working memory; as well as the Social-Emotional Cognition Task for
social cognition. Participants all had normal or corrected-to-normal visual acuity,
and neither reported a history of sustained head injury, nor neurological or psy-
chiatric disorders. Moreover, none exhibited alcohol or drug abuse or the presence
of a severe physical impairment. Participants with regular use of psychotropic
drugs, stimulants and β-blockers were not included. Data were recorded in the
Mental Health Network Fribourg (RFSM), Switzerland. Informed consent was ob-
tained from all subjects. The study was approved by the Ethical Committee of the
University of Fribourg, and was conducted in line with the Helsinki Declaration.
2.2. Experimental design
The subjects were seated in a comfortable chair while listening to the stimuli
presented through loud speakers. Stimuli consisted of pure sine-wave tones in-
cluding standard, or ‘frequent’ (80%), low-pitch tones (1000 Hz), and deviant or
‘infrequent’ (20%), high-pitch tones (2000 Hz) binaurally presented to each ear.
Standard and deviant tones were presented in a random order. Sound intensity was
adjusted for each subject at the beginning of the experiment, in order to obtain the
same subjective loudness at both ears. In practice, these values ranged between 80
and 90 dB SPL. Each tone lasted 100 ms with a 10 ms rise and fall time. Inter-sti-
mulus intervals randomly varied between 800 and 1200 ms. Subjects were in-
structed to remain quiet and to only move their right index ﬁnger in accordance
with the nature of the task in order to minimize muscle artifacts.
Three different tasks were tested in the following order: (1) in a simple oddball
detection task (used as control condition) (Kramer et al., 1995; Trejo et al., 1995),
the participants were instructed to respond as quickly as possible by pressing a
button with their right hand as soon as they detected a target (infrequent tones).
Table 1
Neuropsychological performances assessed with CogState (n¼16).
Characteristics Mean (SD)
Executive function
Groton Maze learning test ER tot 36.63 (11.77)
Set-Shifting Task ER tot 16.25 (9.18)
Psychomotor function
Detection task speed (log10 (ms)) 2.51 (0.1)
Visual attention
Identiﬁcation task speed (log10 (ms)) 2.67 (0.07)
Visual memory
Groton Maze learning test DRE 4.06 (2.67)
Verbal memory
International shopping list
CR tot 29.06 (3.43)
DRC 10.94 (1.06)
Working memory
OneBack task accuracy (Acc) 1.29 (0.12)
Social cognition
Social-emotional cognition task (Acc) 1.17 (0.05)
Notes: Data are presented as mean (SD). ER tot, total number of errors; DRE, delayed
recall, total number of errors; CR tot, total number of correct responses, DRC, de-
layed recall, total number of correct responses, Acc, accuracy as the arcsine trans-
formation of the square root of the proportion of correct responses.
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For non-target trials (frequent tones), no motor response was required; (2) in the
counting forward task, participants were told to press the buttonwhen a target was
heard, and to further count the number of target occurrences in the sequence;
(3) in the counting backward task, instead of counting the number of target oc-
currences, participants subtracted from the date of the experiment a day to the
precedent (i.e. counting in reverse order) for each target detected. At the end of the
session, subjects were asked to report the date calculated after backward counting.
An interval of 3 min separating each condition and the order of presentation of the
tasks both enabled us to exclude an effect of brain fatigue or habituation to the task
difﬁculty, as well as to optimize the allocation of attentional resources involved by
the protocol.
Thus, the workload increased from control (workload-free condition) to an easy
task (counting forward; weak workload) and a more constraining task (counting
backward; strong workload). Each task was tested in a unique session lasting
3.3 min composed of 200 sequential stimuli. Subjects were informed about the
nature of the forthcoming task right before each sequence. For all conditions,
subjects were asked to keep their eyes closed and to avoid blinking and eye
movements. The total duration of the experiment was approximately 30 min. Re-
action times (RT) were systematically recorded. Electrophysiological and neu-
ropsychological assessments were performed in the morning.
2.3. Electrophysiological recordings
In order to identify easily applicable electroencephalography (EEG) markers in
routine clinical settings, continuous EEG (Advanced Neuro Technology Company-
ANT, The Netherlands) was recorded using 32 surface electrodes placed over the
scalp according to the 10–20 international electrode placement system (Homan
et al., 1987). Linked mastoid right and left electrodes were used as a reference to
respect equidistance between electrodes in order to achieve a central equipotency
of the upper half sphere for later source reconstruction of ERPs. Skin impedance
was kept below 5 kΩ. Physiological signals were sampled at 256 Hz, the lower cut-
off was 0.03 Hz and the upper cut-off was 100 Hz (DC ampliﬁers, ANT). Right, left,
supra- and infra-orbital electrodes monitored horizontal and vertical electro-ocu-
lograms (EOG). Simultaneously to stimulus onsets (standards or targets), TTL-pul-
ses (Transistor–Transistor Logic) were sent to the EEG-recording system. These TTL-
pulses were used off-line to segment the continuous EEG-data into epochs, syn-
chronized with stimulus onset.
2.4. Data processing
Data were analyzed with the Advanced Source Analysis software (Advanced
Source Analysis [ASA] 4.0 software, ANT, The Netherlands). After removal and off-
line correction of ocular artifacts (threshold reduction algorithm), data from trials
with correct answers were averaged according to task conditions (weak and strong
mental workloads) and stimuli tones (frequent, target). EEG data were averaged
over a window of 700 ms with a 200 ms pre-stimulus onset and band-pass ﬁltered
between 0.1 Hz and 30 Hz, 24 dB/octave for a low-pass ﬁlter. ERPs corresponding to
correct answers in infrequent tones were analyzed for each condition.
The ERP components of interest were the exogenous N1 and P2 components
and the P3a and P3b components. Component amplitude was assessed from the
pre-stimulus baseline to the maximum peak within speciﬁed windows to each
component. This automatic analysis was completed by a visual inspection by a
trained neurophysiologist. The temporal limits for the measurement of these
components were delimited in the time-range window between 70 and 120 ms for
N1, 120 and 170 ms for P2, 220 and 260 ms for P3a, 270 and 330 ms for P3b, re-
spectively. P2, P3a and P3b components were best distinguished at central (C3, Cz
and C4 electrode combined) electrode locations in the individual average wave-
forms (implemented in ASA 4.0 software, ANT). Therefore, this site was selected
and averaged for the amplitude measurements.
To explore workload-related ERPs, we performed an ERP waveform averaging
in a sequence block of 5 stimuli restricted to P2, P3a and P3b. This procedure was
realized for the ﬁrst ﬁve epochs, then repeated for the ﬁve epochs following and so
on, so that a total of 8 consecutive blocks were obtained in each task condition
(control, weak workload, strong workload). Secondarily, for each component of
interest we compared the amplitude of each block (i.e. block-2 to block-8) to the
amplitude of the ﬁrst block (i.e. block-1). Thus, the amplitude of components for
each block was expressed as a percentage (i.e.magnitude) of variation, as compared
to the ﬁrst block. This procedure allowed the quantiﬁcation of the attentional re-
sources used during the test for each task and consequently represents a new
electrophysiological parameter to measure mental workload.
2.5. Brain electric tomography
To ascertain that neuronal generators triggered two separate P3 components,
topographical voltage maps of the scalp-recorded data were realized by plotting
color-coded isopotentials derived by interpolating voltage values between scalp
electrodes at speciﬁc latencies (Proverbio et al., 2008). An improved version of
standardized Low Resolution Electromagnetic Tomography incorporating a singular
value decomposition-based lead ﬁeld weighting (swLORETA) was used to estimate
intracranial sources of the scalp-recorded data (Nazari et al., 2010; Palmero-Soler
et al., 2007; Pascual-Marqui et al., 1994). Intracranial source localizations were
estimated and statistically processed on average P3a and P3b measured at the time
of the peak maximum over central electrodes using the ASA4 software (ANT). The
best ﬁtting source model on the grand average potential distribution was computed
at the 3 time points at which P3a and P3b were the largest in the easy and strong
workload conditions, respectively. Source space properties were: grid
spacing¼10 mm (using 5 mm did not change results; Tikhonov regularization:
estimated SNR¼3 (see Nazari et al., 2010 for details).
2.6. Statistical analysis
To normalize the variance of the EEG data (i.e. magnitude of ERPs), a square
power transformation was used. The normality of the data distribution was veriﬁed
with the Shapiro-Francia test. Infrequent tones, task conditions (3 levels: control or
without workload, weak workload, strong workload) and blocks (eight blocks)
were included as independent variables in a repeated-measure regression model to
analyze their respective inﬂuence on each of the dependent variables (i.e. beha-
vioral responses and EEG measures). Blocks were considered as a unique catego-
rical independent variable with varying reference values allowing a simultaneous
comparison of all the blocks to a reference one, thus avoiding adjustment for
multiple comparisons.
All statistical analyses were pre-planned in the protocol. Analyses were per-
formed using the Stata software package, version 14.0. We used the Stata regress
command with the “vce (cluster)” option which speciﬁes that the standard errors
allow for intragroup correlation. Observations are thereby independent. The sta-
tistical threshold for α was set at po0.05.
Corrected signiﬁcance level was computed for each ERP component using the
Benjamini–Hochberg procedure (Benjamini and Hochberg, 1995), implemented
with a spreadsheet developed by Dr Manuel Weinkauf (http://www.marum.de/en/
Leere_Seite_5.html#Section12094).
3. Results
3.1. Behavioral results
All participants had normal cognitive functions. During the
mental workload testing, reaction times were not related to task
difﬁculty (control vs. weak and strong, respectively: p¼0.70 and
p¼0.22; weak vs. strong, p¼0.42). Similarly, no signiﬁcant differ-
ence was observed for block-epoch measurements (Table 2).
3.2. Electrophysiological results
3.2.1. Event-related potentials (ERPs)
Amplitude of both grand averaged ERP waveforms and block-
averaging ERP did not differ between the weak workload and
control tasks. Fig. 1 (insets A2–B2) displays grand averaged ERP
waveforms plotted over central (C3, Cz and C4 combined) regions
for each task requiring workload and tone. As expected, all audi-
tory stimuli elicited a distinct negative response at about 100 ms
(N1 component) after stimulus onset. For infrequent stimuli (black
line), analysis of grand averaged ERPs revealed a series of ERP
Table 2
Mean reaction times (in milliseconds) with standard errors (SE) for the control and
the two workload conditions in participants (n¼16).
Control Weak workload Strong workload
Mean 306.23 (16.44) 309.70 (12.64) 320.38 (14.76)
Block 1 304.65 (17.12) 294.62 (13.64) 304.95 (13.72)
Block 2 306.02 (19.61) 301.75 (15.36) 304.41 (10.69)
Block 3 308.45 (17.56) 310.91 (14.77) 320.08 (16.20)
Block 4 311.18 (19.04) 303.38 (12.42) 324.74 (16.49)
Block 5 310.05 (18.48) 326.01 (19.18) 326.46 (17.71)
Block 6 311.37 (16.93) 322.20 (10.92) 348.40 (25.75)
Block 7 309.34 (16.36) 313.69 (14.82) 313.07 (17.30)
Block 8 306.80 (17.26) 303.39 (12.33) 311.21 (17.10)
Note: There was no statistically signiﬁcant difference in reaction times between
conditions. See text for details.
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peaks (P2 and N2) followed by the P3 component, which culmi-
nated over the central region and could be distinguished into two
components (P3a and P3b). The amplitude of these ERPs did not
differ between task conditions. Similarly, P2 latency was not
modulated by the task (control vs. weak and strong: p¼0.303 and
p¼0.766, respectively; weak vs. strong: p¼0.639). In contrast, P3b
latency was longer in the higher demanding task compared to
both the control (po0.001) and the easier demanding task
(po0.01). Yet, this effect was not observed for the P3a component
(control vs. weak and strong: p¼0.070 and p¼0.082, respectively;
weak vs. strong: p¼0.696). No signiﬁcant difference was observed
between control and easy demanding tasks in both P3a (p¼0.242)
and P3b (p¼0.242) components. The adjusted p threshold com-
puted according to the Benjamini–Hochberg procedure (Benjamini
and Hochberg, 1995) remained unchanged.
Examples of the ﬁve-epoch averages of target stimuli for con-
straining conditions are presented in Fig. 1 (A1–B1). Similar
numbers of artifact-free epochs per block were obtained for both
workload conditions. The average numbers for the easier task
were 4.8870.34; 4.9470.25; 4.8870.50; 4.8870.50;
4.8870.50; 4.8170.75; 4.0071.37 and 2.5071.32, respectively
from block-1 to block-8. For the more constraining task, average
numbers were 4.6371.26; 4.6971.25; 4.6971.25; 4.6971.25;
4.6971.25; 4.6971.25; 4.0071.37 and 2.3171.25, respectively
from block-1 to block-8. Finally, for the control task, average
numbers were 5.0070.00; 5.0070.00; 4.9670.20; 4.8570.46;
4.9270.27; 4.9670.20; 4.3171.05 and 2.3871.39, respectively
from block-1 to block-8.
There was no signiﬁcant task effect (control vs. weak and
strong: p¼0.857 and p¼0.108, respectively; weak vs. strong:
p¼0.201) on the number of accepted trials. No other main effect
(i.e. blocks) or interaction between factors was observed.
3.2.2. Block repetition analysis
In order to apply our epoch evaluation method, averaging of
ERP waveforms of ﬁve consecutive stimuli was performed with a
total of eight consecutive blocks in each task condition. ERP values
of interest for each block were compared to those of the ﬁrst block
(Fig. 2). For the easy condition, the magnitude of the P2 compo-
nent was signiﬁcantly decreased from the fourth block (block-1 vs.
A3a B3aA3b B3b
Fig. 1. Data show the averages of cumulative of ERPs in 8 blocks of 5 epochs at Central (C3, Cz and C4) electrode sites following infrequent target stimuli during the easy (A1)
and more constraining (B1) task conditions. Insets: Grand average ERP waveforms at Central (C3, Cz and C4) electrode sites following frequent (gray line) and infrequent
target (black line) stimuli during the easy (A2) and strong constraining (B2) task conditions. Note the longer latency of the P3 component for the strong constraining, i.e.
more demanding task. Illustration of source localization of the P300 components on sagittal section (corresponding topography on the horizontal axis) using the swLORETA
inverse solution performed for the easy (A3) and the strong constraining task condition (B3). Source localization revealed distinct activated regions for the P3a (A3a and B3a)
and P3b (A3b and B3b) components, respectively.
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Fig. 2. Averaging of ERP waveforms in 8 blocks of 5 epochs for P2 (triangles), P3a (black circles) and P3b (white circles) components in infrequent target auditory stimuli.
Normalized ratios from each block were compared to those of the ﬁrst block in the two easy (A) and strong constraining (B) task conditions (intra-block comparison). Note
the greater decrease of magnitude for the P2 ERP component with block-repetition in the two tasks.
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blocks 4 to 8: po0.03). In contrast, no difference between blocks
was observed on the normalized magnitude of both P3a and P3b
components. For the more constraining condition, statistical ana-
lysis revealed block-related effects for the three ERP components
with a signiﬁcant lower magnitude starting from the second block
(block 1 vs. blocks 2 to 8, P2 component: po0.001; P3b compo-
nent: po0.02; block 1 vs. blocks 3 to 8, P3b components:
po0.01). Moreover, an additional decrease was noted from the
third block compared to the second block for both P3a and P3b
components (block 2 vs. blocks 3 to 8, P3a components: po0.02;
P3b components: po0.02). A higher magnitude was also observed
for block 3 compared to block 5 (po0.04) for the P3b component.
Concerning the control task, a signiﬁcant decreased was pre-
sent from the fourth block (block-1 vs. blocks 4 to 6 and 8:
po0.05) for the P2 component (blocks 1 to 8: 1.0070.00;
0.9270.12; 0.8670.20; 0.5970.12; 0.5970.17; 0.6970.16;
0.6570.15; 0.6670.14). No difference between blocks was ob-
served on the normalized magnitude of both P3a (blocks 1 to 8:
1.0070.00; 1.0270.12; 0.8570.11; 0.8470.15; 0.8470.16;
0.8470.15; 0.8470.16; 0.8670.15) and P3b (blocks 1 to 8:
1.0070.00; 1.0470.12; 1.0170.13; 0.8970.11; 0.8970.11;
0.9470.16; 0.9570.16; 0.9270.14) components. The adjusted p
threshold computed according to the Benjamini–Hochberg pro-
cedure (Benjamini and Hochberg, 1995) remained unchanged.
3.2.3. The “electrophysiological parameter to measure mental
workload”
Fig. 3 shows normalized magnitude values for measurement of
mental workload. Regarding the three ERP components, the nor-
malized magnitude was signiﬁcantly higher in the easier condition
compared to the more difﬁcult condition (P2 component: po0.01;
P3a and P3b components: po0.05). Differences between blocks
analysis yielded signiﬁcant task effects on the magnitude of P2
(po0.002) and P3 components (P3a and P3b: po0.04), thus re-
vealing a lower normalized magnitude for the highly demanding
task from the second block for the P2 component, as well as from
the fourth and third blocks for the P3a and P3b components, re-
spectively. The adjusted p threshold computed according to the
Benjamini–Hochberg procedure (Benjamini and Hochberg, 1995)
remained unchanged.
As expected, no signiﬁcant task effects were observed on the P2
component when comparing the control to the easier condition
(p¼0.916), neither on both P3a (p¼0.819) and P3b (p¼0.937)
components.
3.2.4. Electrical tomography analysis
Current density maps of the swLORETA for the P3 components
are shown in Fig. 1(A3–B3). In both constraining conditions, the
P3a elicited a positive activity in the anterior cingulate region
(Fig. 1 A3a–B3a), whilst P3b was associated with a positive activity
in centro-posterior medial regions (Fig. 1 A3b–B3b). These ﬁndings
demonstrate a separate activation of the electrical sources of P3a
and P3b that correspond to neuronal generators of auditory P3
components reported in literature (Wronka et al., 2012).
4. Discussion
The present study contributes to the current debate about
electrophysiological measurements of mental workload. In respect
to recent assessment protocols, mental workload was investigated
using tasks varying in difﬁculty during an auditory oddball target
paradigm. Applying this experimental approach and a novel
method to analyze ERPs by block-epochs averaging, we were able
to provide a new reliable physiological method for individual
measurement of mental workload.
Sensory-evoked potentials were recorded in both unchanged
(frequent) and changed (infrequent) context stimulus environ-
ments. As expected, infrequent target stimuli evidenced the P3
component in both task conditions (Fig. 1). Therefore, we opted to
perform analyses on infrequent target stimuli. The modulation of
grand average ERPs related to task difﬁculty for target stimuli
usually reported in the literature (Allison and Polich, 2008;
Brouwer et al., 2012; Kramer et al., 1985) was not observed in our
ﬁndings. Several methodological differences may explain this
discrepancy. First, we chose to analyze ERP components plotted on
combined electrodes over the central region, although each
evoked potential is usually measured over an electrode corre-
sponding to the maximum peak amplitude for the considered
component. Second, our observations concerned two separate
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Fig. 3. For each individual block, comparison between easy (black line) and strong
(gray line) constraining task conditions on normalized ratios and error bars (SD) for
P2 (A), P3a (B) and P3b (C) components in infrequent target auditory stimuli (inter-
block comparison). Note that task effects on normalized magnitude ratios accord-
ing to block differed between the three components. * po0.05; ** po0.01; strong
compared to easy task. The adjusted p threshold remained unchanged after the
Benjamini–Hochberg procedure.
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endogenous ERP components, notably the P3a and P3b compo-
nents as supported by source reconstruction analysis, which is
clearly not the case in studies restricted to the analysis of P3. The
present results further contrast with previous studies reporting a
smaller P2 amplitude as workload increased (Allison and Polich,
2008; Miller et al., 2011). However, in these studies, subjects
performed a visuo-motor task under levels of incrementally-
varying difﬁculty, while the second task of interest was presented
in a verbal sensory modality.
Finally, the grand average of ERPs did not seem sensitive en-
ough to reﬂect subtle effects related to task difﬁculty in the pre-
sent design. Accordingly, the literature reports that single epoch-
analysis or single block of stimuli subsequently divided into sub-
blocks constitute a more effective method for workload assess-
ment (Allison and Polich, 2008; Carrillo-de-la-Pena and Garcia-
Larrea, 1999; Ivey and Schmidt, 1993; Lindin et al., 2004; Murphy
and Segalowitz, 2004; Woestenburg et al., 1983). Restricting the
analysis to the P3 component using averaging of stimulus repeti-
tion, the amplitude measurement may not be the best option to
measure individual changes related to task difﬁculty. To address
this issue, we thus performed an intra-block epoch averaging of
P2, P3a and P3b amplitudes for infrequent target stimuli that
consists of eight consecutive blocks of 5 epochs each. Since these
components reﬂect the neuronal generators activity in a speciﬁc
period of the task processing, this method allows us to elaborate a
task-related measurement of mental workload. Our intra-block
averaging method showed that the easy and the more constrain-
ing memory tasks presented differences in speciﬁc ERP patterns,
thereby supporting the present method to assess mental work-
load. Most importantly, block comparisons to the ﬁrst one allowed
the use of the subject as his own control. Finally, in absence of any
difference between the control task and the weaker constraining
task in both ERPs and RTs, neither fatigue nor habituation may be
accountable for task-related effects.
In line with early EEG studies that emphasized the task difﬁ-
culty as a major variation factor of the P3 amplitude (Miller et al.,
2011; Polich, 2007), in the present study the amplitudes of its
components (i.e. P3a and P3b) were also inversely related to task
difﬁculty (Fig. 1). Functionally, a smaller P3 amplitude reﬂects a
reduction of the efﬁciency of task-related information processing.
It has been suggested that a high workload increases demands on
processing resources for operations linked to the task (Pinal et al.,
2014). Furthermore, reduced processing resources available for
these processes are reﬂected by the P3 (McEvoy et al., 1998;
Morgan et al., 2008; Pinal et al., 2014), thus providing fewer at-
tentional resources to target stimuli. Supporting the strong re-
lationship between the amplitude of the P3 components and the
level of engagement of attentional resources, there was no block
repetition effect on the amplitude of both P3 components for the
lower demanding task (i.e. weaker workload), while it was clearly
the case in the more constraining one (Fig. 2). From a cognitive
point of view, this strongly suggests a link between the speed of
depletion of attentional resources and the difﬁculty of cognitive
processes. It is well established in literature (for review, Kok, 2001;
Polich, 2007) that P3a reﬂects mechanisms to evaluate incoming
stimuli, whilst P3b indexes more difﬁcult processes such as up-
dating operations for subsequent working memory. In this context,
the lower amplitude with incremental task difﬁculty observed
earlier for the P3b compared to the P3a component (i.e. from the
third vs. from the fourth block, respectively) may reﬂect a more
rapid disengagement in the allocation of attentional resources to
higher processing levels (Fig. 3). As a consequence, attentional
resources may be reallocated to perform the supplementary op-
erations engaged by the more constraining task and no differences
in reaction times per block in either of the tasks may be observed.
Accordingly, reaction times were very similar among blocks
independently of the nature of the difﬁculty, as well as between
the tasks (Table 2).
The current model of information processing assumes that at-
tentional functions are engaged by sensory processes. Among the
neuronal responses reﬂecting these processes a reliable effect of
attention on P2 amplitude was previously reported (Missonnier
et al., 2003). Given that mental workload is inversely related to
attentional reserve, Miller et al. (2011) suggested that the P2 am-
plitude decrease may represent a reduction in the allocation of
attention to the target stimuli. This would diminish the stimulus
information available to the higher order processes indexed by the
later P3 response. Our results conﬁrm this hypothesis. First, the
present P2 amplitude decreased with incremental task difﬁculty.
Second and most importantly, a task difﬁculty effect on P2 am-
plitude was observed from the second block. Interestingly, this
effect occurred earlier than for the amplitude of the P3 compo-
nents. These differences between blocks on the amplitude of P2
strongly support the idea for a reduction of attention after sensory
analysis of the stimuli for higher task difﬁculty. This would in turn
lead the subject to allocate reduced attentional resources to the
infrequent target stimuli. Therefore, the subsequent memory op-
erations are weakened, this being reﬂected by the decrease of the
amplitude of the P3 components. This interpretation is in line with
the model of the P3 which stipulates that attentional resource
allocation and P3 outcomes are modulated by the level of arousal
and the amount of attention available in on-going tasks (Kahne-
man, 1973; Polich, 2007). Altogether, our data clearly indicate that
in a sequence of repetitive stimuli, the ﬁrst few ones are treated
with much more attention because of their psychological im-
portance. Yet, with stimulus repetition less attentional resources
are engaged and can therefore be reallocated to supplementary
processes required for mental effort enhancement.
In conclusion, using an adapted procedure of ERP measurement
we report a novel measure of mental workload. This individual-
related electrophysiological parameter may prove to be particu-
larly valuable to evaluate the effect of psychiatric disorders on
mental workload. Since mental workload is affected early in some
neuropsychiatric disorders like prodromal Alzheimer's disease
(Missonnier et al., 2007) and psychotic disorders (Missonnier et al.,
2012), early detection of an alteration of our parameter could
provide a powerful clinical tool to identify subclinical abnormal-
ities in the early stages of illness and evaluate the performances of
psychiatric patients with pre- and post-drug or neuropsychologi-
cal treatments. As the subject is his own control, this method is
particularly well suited to evaluation in the ﬁeld of ergonomics or
cognition in clinical settings.
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